Morbidity and mortality due to infectious diseases have been extensively reduced by vaccination. Nevertheless, insufficient immunogenicity of certain vaccines against microbial infections is still a major hurdle. As many adjuvants (*e.g.*, aluminum hydroxide--based adjuvants) confer T helper (T~h~)2 skewing ([@B1], [@B2]), T~h~1-biased cellular responses for the control of intracellular pathogens seemingly are advantageous ([@B3]). During the last decade, a better understanding of the role of innate immunity in the shaping of pathogen-specific responses instigated the design of new adjuvants. Indeed, the use of different adjuvants in one vaccine showed that the simultaneous triggering of several TLRs synergistically activates dendritic cells (DCs) and supports a T~h~1-polarized immune response ([@B4], [@B5]). The well-described TLR family members are crucial regulators of inflammation and become activated by conserved pathogen--associated molecular patterns from bacteria, viruses, and fungi ([@B6]). TLR signaling leads to the maturation of DCs, displayed by the up-regulation of activation markers (*e.g.*, CD80, CD83, CD86, MHC class I and II), production of proinflammatory cytokines and chemokines \[*e.g.*, IL-6, TNF-α, macrophage inflammatory protein (MIP)-1α, MIP-1β, MIP-3α\], and priming of antigen-specific T cells ([@B7]). Human DC subsets express distinct TLRs, and their response to stimulation is correspondingly differential. The skin is an attractive site for vaccination from an immunologic perspective as a result of abundant resident DC subpopulations. Epidermal HLA-DR^+^CD1a^+^CD207^+^ Langerhans cells (LCs) and dermal DC populations play an important role in the enhancement and attenuation of cutaneous immunity to foreign and autoantigens ([@B8][@B9][@B10][@B11][@B12][@B13][@B14][@B15]--[@B16]). LCs mainly express virus-recognizing TLRs, while dermal DCs express TLRs recognizing both viruses and bacteria ([@B17]). In addition, TLRs are expressed by a variety of other skin-resident cells that can release cytokines that contribute to DC maturation and the induction and skewing of T cells ([@B18], [@B19]).

RNA-sensing receptors are particularly diverse and constitute promising adjuvant targets. Relative to several other TLR agonists, the double-stranded RNA (dsRNA) analog polyinosinic--polycytidylic acid \[p(I:C)\] is the most extensively tested single agent in humans and the most effective inducer of DC maturation ([@B20][@B21][@B22]--[@B23]) and keratinocyte (KC) activation ([@B24], [@B25]). dsRNA is either generated by viruses during their replication cycle ([@B26]) or released from damaged cells ([@B27], [@B28]). Viral products can be detected in healthy human skin and in samples from various pathologic skin conditions such as skin cancers and inflammatory skin diseases such as psoriasis. p(I:C) is primarily sensed by 4 intracellular receptors: cytoplasmic IFN-inducible RNA-dependent protein kinase R (PKR) ([@B29]), as well as viral sensing pattern recognition receptors (PRRs). These include endosomal TLR3 and cytoplasmic retinoic acid--inducible gene I (RIG-I)-like receptors (RLRs) \[RIG-I, melanoma differentiation--associated protein 5 (MDA5), and laboratory of genetics and physiology 2 (LGP2)\] ([@B30], [@B31]). RIG-I, MDA5, and LGP2 are expressed ubiquitously, but only RIG-I and MDA5 possess N-terminal caspase activation and recruitment domains that are capable of downstream immune signal transduction ([@B32]). TLR3 signals in a Toll/IL-1R domain--containing adapter inducing IFN-β (TRIF)-dependent manner, while signaling on activation of RIG-I and MDA5 is transmitted through the mitochondrial antiviral-signaling protein (MAVS; also known as IPS-1, VISA, or Cardif). Downstream signaling of TRIF and MAVS leads to the activation of various transcription factors \[*e.g.*, IFN-regulatory factors (IRFs; IRF3/IRF7) and NF-κB\], which control the expression of type I IFNs, proinflammatory cytokines and chemokines, and costimulatory molecules ([@B32], [@B33]). Thus, the strong adjuvant capacity of p(I:C) can be explained by its ability to trigger 2 independent signaling pathways.

The selection of adjuvant will markedly influence the type of immune response induced by therapeutic vaccines. Compounds targeting individual PRRs are promising adjuvant candidates. However, little is known about PRR expression and function in epidermal cells, in particular in human LCs. Transcriptional profiling of freshly isolated human LCs revealed negative and low expression of RIG-I and TLR3, respectively, and relatively high expression levels for MDA5. In contrast, the highest TLR3 expression levels compared to other TLRs were observed in KCs ([@B19]). In line with this observation is our finding that neither LC precursors in fetal human skin nor CD1c^+^ LCs in adult human skin express TLR3 *in situ*, in contrast to abundantly expressed TLR3 protein expression in basal KCs ([@B34]). Because the efficacy of PRR agonists in skin cells has predominantly been tested *in vitro*, we used a human skin explant model and administered p(I:C) onto barrier-disrupted human epidermis to stimulate LCs and KCs in their natural environment. Our results indicate that p(I:C) exhibits potent immunoenhancing effects by triggering the MDA5 signaling pathway in LCs and inducing localized responses. MDA5 ligands may thus be attractive therapeutic vaccine adjuvant candidates for epidermal delivery.

MATERIALS AND METHODS {#s1}
=====================

Skin samples {#s2}
------------

Skin from anonymous healthy female and male donors (aged between 20 and 65 yr) was obtained during plastic surgery procedures (abdomen, back, breast). The study was approved by the ethics committee of the Medical University of Vienna and was conducted in accordance with the principles of the Declaration of Helsinki. Written informed consent was obtained from the participants (vote no. 1149/2011: isolation and culture of cells from and analysis of normal human skin biopsy samples).

Tape stripping, skin explant culture, cryosection, and epidermal sheet preparation {#s3}
----------------------------------------------------------------------------------

D101-Squame standard self-adhesive discs (CuDerm, Dallas, TX, USA) were applied onto the excised skin with a constant pressure for 10 s, removed, lysed in lysis buffer \[1% NP40 (Sigma-Aldrich, St. Louis, MO, USA) in PBS\], and immediately analyzed. Fifty consecutive tape strippings were performed on the same zone by the same operator to reduce variability. Corneocytes on the strips were stained using a conventional eosin staining for 5 min. The protein content of each strip was measured using the Bicinchoninic Acid Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). In addition, the efficient removal of the stratum corneum was tested by immunohistochemical staining of punch biopsy samples (6 mm diameter) taken from untreated and tape-stripped skin. In parallel, untreated and tape-stripped skin biopsy samples were cultured in DMEM (PAA, Linz, Austria) in 12-well plates supplemented with 10% fetal bovine serum and 1% penicillin--streptomycin (Thermo Fisher Scientific) for 24 and 48 h with a drop (10 µl) of either PBS alone or 20 µg/ml unlabeled/rhodamine-labeled low MW p(I:C) (InvivoGen, San Diego, CA, USA), which was applied onto the top of the biopsy samples. From both freshly isolated and cultured skin samples, one part was embedded in Optimal Cutting Temperature compound (Tissue-plus; Scigen Scientific, Gardena, CA, USA), snap frozen in liquid nitrogen, and stored at −80°C until further processing. From another part of the biopsy sample, epidermal sheets were prepared by incubation on 3.7% ammonium thiocyanate solution for 1 h at 37°C. Subsequently, the epidermis was separated from the dermis, washed with PBS, fixed with acetone for 10 min at room temperature, and stained with antibodies as indicated in the figures and as described below.

Immunofluorescence staining of cryostat sections and epidermal sheets and microscopy analysis {#s4}
---------------------------------------------------------------------------------------------

Sections (5 µm) were stained with the following unconjugated primary antibodies: anti-CD83 (dilution 1:4000; BD Biosciences, San Jose, CA, USA), anti-TLR3 (dilution 1:3000; Promokine, Heidelberg, Germany), anti-PKR (dilution 1:3000; Santa Cruz Biotechnology, Dallas, TX, USA), anti-MDA5 and the respective blocking peptide (dilution 1:3000; Prosci, Poway, CA, USA), anti-MAVS, anti-IRF3 (dilution 1:1000; both from Abcam, Cambridge, United Kingdom), anti-p65 (dilution 1:1000; Rockland Immunologic, Montgomery, PA, USA) overnight at 4°C. Primary antibodies were detected with the corresponding species-specific goat anti-mouse Alexa Fluor 488 or goat anti-rabbit Alexa Fluor 488 or 546 antibodies (dilution 1:500; Thermo Fisher Scientific). Subsequently, sections were further stained with an anti-CD207 (clone 929F3.01) (1:200; Dendritics, Lyon, France) antibody to identify LCs for 2 h at 37°C. Isotype-matched controls were included at the same concentrations. Nuclei were stained with Hoechst (0.5 µg/ml) for 1 min at room temperature (Sigma-Aldrich). The slides were washed with PBS and mounted with Fluroprep (BioMérieux, Marcy l'Étoile, France) for fluorescence analysis. Images were recorded using a confocal laser scanning microscope (CLSM 410; Carl Zeiss, Jena, Germany) equipped with 4 lasers emitting lights at 405, 488, 543, and 633 nm. A conventional immunofluorescence microscope was also used (Olympus AX70; Olympus, Tokyo, Japan).

Assessment of epidermal cell apoptosis {#s5}
--------------------------------------

Untreated and stripped skin samples were stained with an activation-specific anti--caspase-3 polyclonal rabbit antibody (dilution 1:1000; Cell Signaling Technology, Danvers, MA, USA) and visualized with Alexa Fluor 546 goat anti-rabbit. As a positive control, normal human skin was exposed to UV-B light (280--320 nm) and similarly analyzed ([@B35]).

Quantification of LCs in skin epidermal sheets {#s6}
----------------------------------------------

CD83^+^, CD86^+^, and MDA5^+^ LCs were enumerated in 8 to 10 epidermal sheets per individual (*n* = 5) by ImageJ software (Image Processing and Analysis in Java; National Institutes of Health, Bethesda, MD, USA; *<http://imagej.nih.gov/>*).

Isolation of KCs and LCs {#s7}
------------------------

Superficial skin strips were obtained from adult skin and incubated in 1.2 U/ml dispase II in PBS (Roche Diagnostics, Indianapolis, IN, USA) overnight at 4°C. Epidermis was separated mechanically and then digested with 2.5 μg/ml of bovine trypsin and 0.05 U/ml DNase I (both from Sigma-Aldrich) for 30 min at 37°C. KCs were cultured in a serum-free KC growth medium, KGM2 (Lonza, Basel, Switzerland) as previously described ([@B36]). Two different protocols were applied for LC isolation. First, after separation of the epidermis, a cell suspension was prepared that was briefly vortexed and filtered through a 50 μm mesh and separated *via* density gradient centrifugation by using Ficoll-Paque PLUS (GE Healthcare, Vienna, Austria) 400 rpm centrifugation for 20 min at 10°C. LCs were preenriched from the epidermal single-cell suspension using either CD1a or CD207 magnetic microbeads according to the manufacturer's instructions (Miltenyi Biotec, San Diego, CA, USA). Magnetically sorted cells were further purified for LCs by fluorescence-activated cell sorting (FACS) (purity range, 95--99%). Second, after separation from the dermis, epidermal sheets were cultured in RPMI 1640 supplemented with 10% fetal bovine serum and 1% penicillin--streptomycin (Gibco; Thermo Fisher Scientific) for 24 h to allow emigration of LCs into the culture well, which were collected (purity range, 92--95%) and further processed.

p(I:C) uptake and cytokine analysis {#s8}
-----------------------------------

For uptake experiments, primary KCs (fifth passage) were cultured to 70% confluency on glass coverslips in KGM2 (Lonza) and further incubated with low MW rhodamine-labeled p(I:C) (20 µg/ml) or without (unstimulated, medium control) for 24 h. Slides were fixed with 4% paraformaldehyde for 15 min at 37°C and viewed under the microscope. For cytokine analysis, KCs were cultured in 6-well plates (Costar, Cambridge, MA, USA) and grown to ∼75% confluency. Stimulation of KCs was performed with and without 20 μg/ml p(I:C) (low MW rhodamine-labeled/unlabeled; InvivoGen). After 24 h, cell culture supernatants were collected and frozen at −80°C until further analyses. Concentrations of secreted IL-6, TNF-α (Duo set; R&D Systems, Minneapolis, MN, USA), and CXCL8/IL-8 (Thermo Fisher Scientific) were determined by ELISA according to the manufacturer's instructions. Freshly isolated, sorted LCs were cultured with or without 20 µg/ml low MW rhodamine-labeled p(I:C) for 2 h, counterstained with an anti-CD207 antibody and Hoechst, and analyzed. In certain experiments, identical numbers (10^5^/well) of sorted LCs and KCs from the same donors were stimulated with p(I:C), as well as TLR3- and MDA5-specific ligands (all at 20 µg/ml; InvivoGen). After 48 h, supernatants were collected and cytokines determined using a LegendPlex Bead Array (Biolegend, San Diego, CA, USA) according to the manufacturer's instructions. All samples were run on a BD FACSVerse flow cytometer and cytokine concentrations were calculated using the LegendPlex v.70 tool (Biolegend).

Immunofluorescence and IRF3 as well as p65 nuclear translocation analysis {#s9}
-------------------------------------------------------------------------

Primary KCs were grown on coverslips to 60% confluency, stimulated with low MW p(I:C) (20 µg/ml), fixed, and stained. Migratory LCs collected from epidermal sheet explants that were cultured without (unstimulated, control medium) or with unlabeled p(I:C) (20 µg/ml) for 24 h at 37°C were placed on adhesion slides (300 LCs in a volume of 10 µl/slot). Fixed cells were stained with antibodies directed against CD207, MAVS, IRF3, and p65. To label mitochondria, KCs and LCs were incubated with a MitoTracker (Mitochondrion-Selective Probes, dilution 1:1000; Thermo Fisher Scientific) according to the manufacturer's instructions. The probe passively diffuses across the plasma membrane and accumulates in active mitochondria. Cells were viewed under a conventional and/or confocal microscope (data not shown). Liver hepatocellular HepG2 cells were used as a positive control for PRR staining protocols according to the antibody data sheets (data not shown).

RNA isolation, RT-PCR, and real-time quantitative PCR {#s10}
-----------------------------------------------------

Primary KCs were cultured in 6-well plates (Costar) to 70% confluency. Subsequently they were stimulated with p(I:C) for 24 h and lysed in Trizol reagent (Thermo Fisher Scientific) on the plate. Freshly sorted LCs were stimulated with p(I:C) for 24 h, then collected and washed with ice-cold PBS. After centrifugation, the cell pellet was lysed in TRIzol reagent and stored at −20°C. Total RNA was isolated according to the manufacturer's instructions. The RNA concentration and purity were assessed on a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific). RNA was reverse transcribed using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA), and qPCR was carried out with LightCycler 480 SYBR Green I Master (Roche Applied Sciences, Indianapolis, IN, USA) according to the manufacturer's instructions. The primer sequences were as follows: IFN-α: forward, 5′-TGCTTGCAGGACAGACATGA-3′ and reverse, 5′-ATCTCGTGGAGCACAGAGAT-3′; IFN-β: forward, 5′-TCCAACTATGGCACGGAAGTCT-3 C-3′ and reverse, 5′-TTCTGGAGCTGTTGTGGTTCCT-3′; TNF-α: forward, 5′-TCCTCCCTGCTCCGATTACG-3′ and reverse, 5′-AGGCAATAGGTTTTGAGGGC-3′; B2M: forward, 5′-GATGACGTGTATGCCTGCGTG-3′ and reverse, 5′-CAATCCAAATGCGGCATCT-3′; TLR3: forward, 5′-GCTGGAAAATCTCCAAGAC-3′ and reverse, 5′-TCGAATGCTTGTGTTTGCTA-3′; PKR: forward, 5′-TGGAAAGCGAACAAGGAGTAAG-3′ and reverse, 5′-CCAAAGCGTAGAGGTCCACTT-3′; RIG-I: forward, 5′-TTGCTATCGGGTCAACAACA-3′ and reverse, 5′-CAAAAGAGCATCCAGCAACA-3′; MDA5: forward, 5′-TGGAGAAGATGCTGGTGTTC-3′ and reverse, 5′-GTTCTTCAGCATTGGCTTGC-3′. Primers were designed using National Center for Biotechnology Information Primer Basic Local Alignment Search Tool (BLAST) ([@B37]). The relative expression of the target genes was calculated by comparison to the housekeeping gene *β2M* using a previously described formula ([@B38]).

Statistical analysis {#s11}
--------------------

Data are provided as means, and error bars represent the [sem]{.smallcaps}. Nonparametric paired and unpaired group comparisons (Wilcoxon signed-rank test, Mann-Whitney *U* test, Student's *t* test) were used when appropriate (GraphPad Software, La Jolla, CA, USA). For comparison of cytokine concentrations, 1-way ANOVA testing was applied, and data were corrected for multiple testing in *post hoc* analyses (Dunnett *t* or Bonferroni tests, where appropriate). *P* \< 0.05 was considered significant. Statistical testing was performed by SPSS 15.0 software (IBM SPSS, Chicago, IL, USA).

RESULTS {#s12}
=======

Epidermal cells efficiently take up labeled p(I:C) on topical application on barrier-disrupted but not intact skin explants {#s13}
---------------------------------------------------------------------------------------------------------------------------

The potential of a topically applied synthetic RNA to induce activation of LCs and KCs in their natural environment was studied using an *ex vivo* barrier-disrupted human skin explant culture model. Removal of the stratum corneum, the outmost epidermal layer, by mechanical abrasion such as tape stripping, is a widely used method of barrier perturbation ([@B39]). Indeed, examination of hematoxylin and eosin--stained sections showed that compared to untreated skin, 50 repetitions of adhesive tape stripping largely removed the stratum corneum without disrupting the integrity of the underlying skin architecture ([**Fig. 1*A***](#F1){ref-type="fig"}). Protein quantification of each stripping disc revealed decreasing protein concentrations with increasing tape-stripping events, and after 50 strips, no protein was detectable ([Fig. 1*B*](#F1){ref-type="fig"}). To test whether the mechanical treatment and subsequent culture of stripped skin induces apoptosis in KCs and/or LCs, cryosections at selected time points were stained with an activation-specific anti--caspase-3 antibody and counterstained with an anti-CD207 to identify LCs. Similar to untreated skin, no staining of active caspase-3 was observed in the epidermis, indicating that stripping neither induced apoptosis in KCs nor in LCs in our model (data not shown). In parallel in sections of UV-B--irradiated skin, we found active caspase-3--positive cells, indicating apoptosis as shown previously (data not shown) ([@B35]). Subsequently, rhodamine-labeled low MW p(I:C) was applied topically and incubated at subtoxic active doses on barrier-disrupted and unperturbed control skin to assess its penetration efficacy in our model. We found that KCs in upper layers and some cells in deeper layers of stripped but not intact skin repeatedly showed visible uptake of rhodamine-labeled p(I:C) when investigated 24 h after application ([Fig. 1*C*](#F1){ref-type="fig"} and [Supplemental Fig. S1*A*](#SM1){ref-type="supplementary-material"}). Similarly, efficient uptake of rhodamine-labeled p(I:C) was detectable in many (∼60--70%) but not all primary KCs at 24 h and in ≥95% of freshly isolated, highly purified (purity range, 95--97%) LCs at 2 h ([Fig. 1*D, E*](#F1){ref-type="fig"}). To evaluate whether the labeling process may influence the activation efficiency of p(I:C), primary KCs were stimulated with labeled and unlabeled p(I:C) by direct addition to cell cultures or left untreated. When supernatants from isolated KCs were tested for the induction of signature cytokines for inflamed skin by ELISA, we found that p(I:C) induced strong and comparable secretion of IL-6, TNF-α, and IL-8, regardless of whether unlabeled or labeled p(I:C) was used ([Supplemental Fig. S1*B*](#SM1){ref-type="supplementary-material"}). Subsequently, we comparatively analyzed the cytokines released from freshly isolated and sorted KCs and LCs from the same donors when stimulated with unlabeled p(I:C). We found that p(I:C) induced IFN-α2 and IFN-β in both cell types, although to a lower extend in LCs. In contrast, LCs produced higher levels of IL-6 and IL-8 on p(I:C) stimulation compared with KCs ([Fig. 1*F, G*](#F1){ref-type="fig"}).

![Rhodamine (RH)-labeled p(I:C) is taken up by epidermal cells. *A*) Hematoxylin and eosin staining of paraffin-embedded sections from healthy human skin (middle) indicates efficient removal of stratum corneum in tape-stripped skin (right) compared to untreated skin (left). Scale bars, 50 µm. *B*) One representative strip disc with corneocytes is shown (left). Protein estimation of each strip disc was analyzed with bicinchoninic acid protein assay. Data are represented as means ± [sem]{.smallcaps} of measurements obtained with 4 different donors (middle). Schematic representation of p(I:C) application (right). *C*) Immunofluorescence staining of cryostat section from stripped cultured skin showing uptake of RH-labeled low MW p(I:C) (red) in epidermal cells. Shown is single representative of 3 biopsy samples from different donors. Scale bars, 10 µm. Arrows in inset show RH^+^ KCs. *D*, *E*) Representative images of primary KCs (60% confluency) and sorted CD207^+^ LCs (300 cells/slot) showing uptake of RH-labeled p(I:C) at 24 and 2 h, respectively. Data are from 1 of 3 similar experiments from different donors. Nuclei were counterstained with Hoechst (blue). Scale bars, 20 µm. *F*, *G*) Freshly isolated and sorted KCs and LCs from same donor were cultured for 48 h with unlabeled, low MW p(I:C) (+) or left untreated (−). Indicated cytokine concentrations from supernatants were determined with LegendPlex Bead Array. Results are expressed as means ± [sem]{.smallcaps} of duplicate cultures from 1 experiment, representative of 2 with different donors.](fj.201701090Rf1){#F1}

LCs strongly up-regulate expression of activation markers on removal of stratum corneum and topical p(I:C) treatment {#s14}
--------------------------------------------------------------------------------------------------------------------

We next studied the effects of tape-stripping and topical p(I:C) treatment on LCs. While LCs were largely negative for the activation marker CD83 in epidermal sheets separated from normal skin before culture (data not shown), we found CD83 expression on significantly more LCs in either p(I:C)-treated or tape-stripped skin compared to untreated controls at 24 and 48 h of culture ([**Fig. 2**](#F2){ref-type="fig"}). Moreover, application of p(I:C) onto tape-stripped skin greatly and significantly enhanced the percentage of CD83^+^ LCs compared to untreated cultured skin at both time points investigated ([Fig. 2](#F2){ref-type="fig"}). Similar changes were observed with the expression of the costimulatory marker CD86 (data not shown).

![Removal of stratum corneum and topical p(I:C) treatment leads to strong up-regulation of maturation marker CD83 on LCs. *A*, *C*) Merged images of epidermal sheets with CD83, CD207 (to visualize LCs), and nuclear \[Hoechst (H)\] staining 24 and 48 h after removal of stratum corneum and with application of p(I:C) or left untreated and culture. Scale bars, 50 µm. *B*, *D*) Bar graphs show percentages of CD83^+^CD207^+^ LCs among total CD207^+^ LCs in untreated (UT) epidermal sheets before culture and at 24 and 48 h for indicated treatments. Values are means ± [sem]{.smallcaps} of results from 3 independent experiments. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 compared to untreated, cultured group; 1-way ANOVA test. Strp, stripped.](fj.201701090Rf2){#F2}

LCs express MDA5 but not TLR3, RIG-I, and PKR protein {#s15}
-----------------------------------------------------

To assess the constitutive expression profile of well-known dsRNA-sensing receptors in skin cells, we applied fluorescent immunostaining and conventional microscopy. In line with reported qPCR results ([@B19]) and our previous immunostaining ([@B34]), we found bright TLR3 expression in basal KCs in cryosections and moderate TLR3 levels in primary KCs but not in CD207^+^ LCs ([**Fig. 3*A***](#F3){ref-type="fig"} and [Supplemental Fig. S2*A*, *B*](#SM2){ref-type="supplementary-material"}), implying that other dsRNA sensors (*e.g.*, PKR, RIG-I, MDA5) may be expressed in LCs. Investigations using a PKR antibody showed a similar expression pattern in epidermal cells like TLR3 ([Fig. 3*A*](#F3){ref-type="fig"} and [Supplemental Fig. S2*A*, *B*](#SM2){ref-type="supplementary-material"}). In contrast, faint RIG-I protein expression was detected in some basal KCs, in yet undefined cells in the papillary dermis, and in a few primary KCs, while it was consistently negative in LCs ([Fig. 3*A*](#F3){ref-type="fig"} and [Supplemental Fig. S2*A*, *B*](#SM2){ref-type="supplementary-material"}). MDA5 protein expression was detectable in a few KCs present in the basal cell layer as well as in primary KCs, similar to results demonstrated by others ([@B40]), and in many but not all LCs ([Fig. 3*A, B*](#F3){ref-type="fig"} and [Supplemental Fig. S2*A*, *C*](#SM2){ref-type="supplementary-material"}). Quantification in epidermal sheets revealed that half (49% ± 5; *n* = 5) of all resident CD207^+^ LCs were consistently positive for MDA5 in all donors investigated ([Fig. 3*B*](#F3){ref-type="fig"}). The specificity of the MDA5 staining was demonstrated by preabsorption of the MDA5 antibody with an MDA5-specific blocking peptide obstructing its staining in CD207^+^ LCs and KCs in epidermal sheets ([Fig. 3*C*](#F3){ref-type="fig"}) as well as freshly isolated epidermal cell suspensions (data not shown).

![LCs express MDA5 but not TLR3, RIG-I, and PKR *in situ*. *A*) Immunofluorescence double staining for markers indicated was performed on cryostat sections of untreated skin. Arrows denote MDA5^+^CD207^+^ LCs; white dotted line indicates basal membrane. *B*) Image of untreated epidermal sheet showing MDA5^+^CD207^+^ LCs (inset). *C*) Application of MDA5-specific blocking peptide revealed antibody specificity. Nuclei were counterstained with Hoechst (H). Scale bars, 50 µm.](fj.201701090Rf3){#F3}

LCs down-regulate MDA5 expression on p(I:C) treatment of barrier disrupted skin {#s16}
-------------------------------------------------------------------------------

We next assessed whether topical application of p(I:C) onto barrier-disrupted skin affects the expression profile of dsRNA-sensing receptors. Immunofluorescence staining of cryosections revealed, irrespective of the treatment, a similar induction of TLR3 and PKR expression in suprabasal KCs in addition to the constitutive expression in basal KCs but not in LCs when analyzed at 48 h in all groups \[untreated, p(I:C), tape-stripped ± p(I:C)\] ([**Fig. 4**](#F4){ref-type="fig"}). Even after 96 h of culture, LCs in the epidermis as well as emigrating LCs in the dermis remained negative for TLR3 when evaluated on cryosections and epidermal sheets ([Supplemental Fig. S3*A*, *B*](#SM3){ref-type="supplementary-material"}). In line with this, we found that freshly isolated, sorted CD207^+^ LCs, when stimulated with p(I:C) for 24 h, remained negative for TLR3 and PKR protein expression ([Supplemental Fig. S2*B*](#SM2){ref-type="supplementary-material"}). At the mRNA level, a weak although statistically insignificant induction of PKR was detectable in LCs ([Supplemental Fig. S4](#SM4){ref-type="supplementary-material"}). In contrast, TLR3 and PKR mRNA and protein expression levels were strongly and significantly up-regulated in primary KCs on p(I:C) stimulation compared to unstimulated KCs ([Supplemental Figs. S2*A*](#SM2){ref-type="supplementary-material"} and [S4](#SM4){ref-type="supplementary-material"}), but not in cryosections of stimulated explant cultures ([Fig. 4](#F4){ref-type="fig"}). RIG-I was slightly up-regulated on p(I:C) treatment and markedly up-regulated on tape stripping alone or tape stripping with p(I:C) treatment in cells of the papillary dermis ([Fig. 4](#F4){ref-type="fig"}). In primary KCs but not LCs, RIG-I mRNA and protein expression was considerably and significantly up-regulated with p(I:C) ([Supplemental Figs. S2*A*, *B*](#SM2){ref-type="supplementary-material"} and [S4](#SM4){ref-type="supplementary-material"}). When the MDA5 expression profile was assessed in epidermal sheets after 48 h of cultivation, we found a striking up-regulation of MDA5 staining intensity in LCs in all 3 groups, with the exception of the tape-stripped and p(I:C)--treated group ([Fig. 4](#F4){ref-type="fig"}) compared to normal, uncultured skin ([Fig. 3*A, B*](#F3){ref-type="fig"}). Indeed, besides up-regulation of MDA5 expression levels, enumeration revealed increased percentages of MDA5^+^ LCs in untreated (78% ± 9), p(I:C)-treated (71% ± 2), and tape-stripped (80% ± 11) cultured skin ([Fig. 4](#F4){ref-type="fig"}) compared to uncultured control (49% ± 5) ([Fig. 3*B*](#F3){ref-type="fig"}). In contrast, on tape stripping and p(I:C) treatment only, weak MDA5 staining was found in LCs, and the percentage of MDA5^+^ LCs (43% ± 3) was comparable to normal uncultured skin (49% ± 5). When freshly isolated and sorted LCs were incubated with p(I:C), we found significantly up-regulated MDA5 mRNA levels ([Supplemental Fig. S4](#SM4){ref-type="supplementary-material"}) and a slight increase of MDA5 protein expression ([Supplemental Fig. S2*C*](#SM2){ref-type="supplementary-material"}). A significant up-regulation of MDA5 mRNA and higher protein expression levels compared to untreated controls were found in primary KCs on p(I:C) stimulation ([Supplemental Figs. S2*A*](#SM2){ref-type="supplementary-material"} and [S4](#SM4){ref-type="supplementary-material"}).

![LCs down-regulate MDA5 on skin barrier perturbation and p(I:C) activation on culture. Immunofluorescence double labeling of cryostat sections (TLR3, PKR, RIG-I) as well as epidermal sheets (MDA5) 48 h after culture of indicated skin explant groups. Representative merged figures with Hoechst (H) nuclear staining are shown from 3 donors in each group. Percentages in merged figures represent means ± [sem]{.smallcaps} of results from 3 independent experiments; MDA5^+^CD207^+^ LCs among total CD207^+^ LCs are shown. Tape-stripped (Strp) and p(I:C) group revealed not only less MDA5^+^CD207^+^ LCs but also much weaker MDA5 signal in LCs than respective control groups. Scale bars, 50 µm.](fj.201701090Rf4){#F4}

Major dsRNA signaling pathways are functional in both LCs and KCs {#s17}
-----------------------------------------------------------------

Besides TLR3, p(I:C) is sensed by RIG-I and MDA5, which both signal through MAVS, leading to the activation of the collaborating transcription factors IRF3 and NF-κB, followed by type I IFN and proinflammatory cytokine production ([@B41]). While dsRNA recognition signaling pathways have been reported in primary KCs ([@B42]), less is known for LCs. We therefore comparatively assessed the cellular distribution of MAVS in untreated (medium control) and p(I:C)-stimulated LCs and KCs by confocal microscopy. We found abundant and a similar distribution pattern of MAVS in untreated KCs, comparable to that previously described in other cell types ([**Fig. 5*A***](#F5){ref-type="fig"}) ([@B43]). In contrast, only minute MAVS expression was observed in untreated LCs ([Fig. 5*B*](#F5){ref-type="fig"}). Prionlike MAVS aggregates were observed in KCs and LCs when analyzed 24 h on p(I:C) stimulation, indicating MAVS activation in both cell types ([Fig. 5*A, B*](#F5){ref-type="fig"}). To label active mitochondria and show colocalization, KCs were incubated with a MitoTracker probe and counterstained with an antibody directed against MAVS. This revealed MAVS staining directly adjacent to and around mitochondria (data not shown).

![dsRNA signaling pathways are functional in LCs and KCs. Subcellular localization of MAVS, IRF3, and p65 as well as induction of IFNs and proinflammatory cytokine TNF-α in primary KCs and LCs on culture in medium or stimulation with p(I:C) was assessed at indicated time points. *A*, *B*) Distinct aggregation of MAVS as well as translocation of IRF3 and p65 from cytoplasm into nucleus was observed in stimulated KCs and LCs. Nuclear counterstain was performed with Hoechst. Localization was examined with confocal microscopy. Shown is single representative staining of 3 independent experiments. Scale bars, 5 µm. *C*, *D*) Fold change of IFN-α, IFN-β, and TNF-α mRNA expression of primary KCs (*C*) and sorted LCs (*D*) cultured for 24 h without or with p(I:C) is shown. Results expressed as means ± [sem]{.smallcaps} are from 6 independent experiments with 6 different donors. \**P* \< 0.05, \*\**P* \< 0.01 compared to unstimulated cultured group.](fj.201701090Rf5){#F5}

IRFs dimerize and translocate into the nucleus to drive transcription of various IFN-α/β subtypes ([@B32]). Accordingly, we next monitored the distribution of IRF3 in KCs and LCs without and with p(I:C) stimulation. In untreated KCs and LCs, IRF3 localization was predominantly in the cytoplasm ([Fig. 5*A, B*](#F5){ref-type="fig"}). Partial IRF3 translocation from the cytoplasm to the nucleus was observed in KCs after 30 min upon stimulation. Comprehensive IRF3 accumulation in the nucleus was observed at 1 h, then rapidly declined at 2 h and was undetectable at 3 h ([Fig. 5*A*](#F5){ref-type="fig"} and [Supplemental Fig. S5*A*](#SM5){ref-type="supplementary-material"}). In LCs, maximal IRF3 nucleus translocation was observed at 24 h ([Fig. 5*B*](#F5){ref-type="fig"}).

For the detection of activated NF-κB, we have used an antibody that recognizes p65 only in the absence of IκB ([@B44]). Kinetic experiments in KCs showed no p65 nucleus translocation at 1 h, partial nuclear localization at 2 h, a peak at 3 h, and negative staining at 16 h ([Fig. 5*A*](#F5){ref-type="fig"} and [Supplemental Fig. S5*B*](#SM5){ref-type="supplementary-material"}). TNF-α, a potent NF-κB activator, was used as a positive control (data not shown). Similar to IRF3, partial p65 translocation in LCs was also observed at 24 h ([Fig. 5*B*](#F5){ref-type="fig"}). Taken together, the results indicate that p(I:C) stimulation provides an effective signal for IRF3 and NF-κB nuclear translocation in both KCs and LCs.

We have shown in [Fig. 1*F, G*](#F1){ref-type="fig"} that both, KCs and LCs show enhanced release of IFNs on p(I:C) stimulation. While these data strongly suggest that the observed IRF3 translocation to the nucleus indeed activated IFN production, we sought to confirm this observation at the molecular level as well. Indeed, p(I:C) treatment of LCs significantly induced IFN-α and IFN-β mRNA expression, while in KCs a significant up-regulation of IFN-β and TNF-α mRNA was detectable ([Fig. 5*C, D*](#F5){ref-type="fig"}).

MDA5-specific induction of IFNs in LCs {#s18}
--------------------------------------

We next examined the MDA5-specific regulation of IFNs and inflammatory cytokines in KCs and LCs. Stimulation of highly purified LCs with specific ligands revealed that not the TLR3- but only the MDA5-specific ligand induced IFN-α2, IFN-β, and TNF-α cytokines, but not IL-6 and IL-8. In freshly isolated KCs from the same donors, both ligands induced production of high IL-6 and IL-8 levels, and low IFN-α2 and IFN-β levels. The MDA5-specific ligand failed to induce TNF-α in KCs ([Supplemental Fig. S6*A*, *B*](#SM6){ref-type="supplementary-material"}). From these experiments, it is evident that LCs and KCs use dsRNA, recognizing pathways to a different extent and thereby targeting different cytokines.

DISCUSSION {#s19}
==========

Immunization *via* the skin induces both T-cell--mediated and humoral immunity ([@B45]). PRR agonists have been proposed as key adjuvant candidates for therapeutic vaccines. Currently most of our knowledge on PRR agonists and their effects on skin-mediated immunization comes from murine *in vivo* studies; human *in vitro* studies with isolated LCs, KCs, and dermal DC subsets; RNA extracts from total epidermal cells including both LCs and KCs; monocyte-derived LCs; and intradermal delivery of agonists in human explant skin models. Vaccines and adjuvants placed in the skin can interact with several cells. Therefore, it was our goal to assess the effect of these interactions in the context of intact human skin. Thus, p(I:C), the most extensively tested and potent proinflammatory agent in humans, was epicutaneously applied to study its effects on LCs and KCs in an explant culture model and on single cells.

Human epidermis plays an important role in host defense by acting as a physical barrier and signaling interface between the environment and the immune system. PRRs are crucial to maintain homeostasis and provide protection during infection, but they are also involved in autoinflammatory diseases. Reports on PRR protein expression in human epidermis are scarce and have mainly focused on TLRs. In addition, the literature is controversial, as it has been demonstrated that LCs express TLR3 at the mRNA and protein level ([@B46]), while we and others found no TLR3 protein expression ([@B34], [@B47]). To further address this controversy, and as LCs have been shown to be equipped primarily with antiviral response receptors ([@B17], [@B48]), we at first focused on the expression profile of TLR and non-TLR sensors of viral ligands in healthy human skin. Basal KCs showed strong TLR3 and PKR protein expression but only modest RIG-I and MDA5 expression. While high TLR3 expression levels in KCs have been reported by several groups at the mRNA and protein level in single cells and in tissue ([@B19], [@B34], [@B40], [@B42], [@B49]), we show to our knowledge for the first time that essentially only basal KCs, similar to TLR3, strongly express PKR protein *in situ*. LCs were negative for TLR3, PKR, and RIG-I but displayed strong MDA5 protein expression, thus expanding reported data obtained by transcriptional profiling ([@B19]). Intrigued by these results, we further investigated the role of MDA5 in LCs. Because it has been shown that on intradermal delivery, among 6 tested TLR agonists, only p(I:C) induced maturation of skin-emigrating DCs ([@B19]), it was used in our study. Assuming that only minor p(I:C) concentrations, if any, reach the epidermis *via* dermal injection, we chose the epicutaneous application route to study PRR expression as well as interaction in LCs and KCs in their natural environment on dsRNA stimulation. However, the skin barrier, specifically the stratum corneum, is an extremely restrictive barrier for high MW compounds. Accordingly, initial experiments applying rhodamine-labeled p(I:C) onto unperturbed human skin revealed no detectable uptake in epidermal cells (data not shown). Disruption of the skin using the tape-stripping method endorsed epidermal cells to take up rodamine-labeled p(I:C) and to significantly induce or up-regulate CD83 and CD86 expression on LCs *in situ*, indicating that barrier damage allows efficient dsRNA penetration and LC maturation. Our findings confirm and extend data from Oosterhoff *et al.* ([@B19]) reporting that p(I:C) injection into the dermis of human skin samples up-regulated these markers on emigrated DCs at 48 h. These results are consistent with a prior report describing that highly purified LCs responded to p(I:C) stimulation *in vitro* by enhanced expression of CD40, CD80, and CD86, increased allostimulatory capacity, and promotion of IL-10--producing CD4^+^ T cells that might limit an exacerbated inflammatory immune response ([@B23]).

In barrier-disrupted and p(I:C)-treated skin, TLR3 and PKR expression was up-regulated in suprabasal KCs in addition to basal KCs compared to untreated controls, while low RIG-I and MDA5 expression levels in KCs persisted. In parallel to experiments with KCs, we found that neither the isolation procedure nor explant culture conditions induced detectable TLR3, PKR, and RIG-I protein expression levels in LCs in controls as well as upon p(I:C) stimulation. Moreover, in our highly purified LC preparations, we never detected TLR3 mRNA, and consequently neither IFNs nor proinflammatory cytokines in supernatants of TLR3-ligand specific stimulations. We therefore suggest that the previous findings of TLR3 expression in LCs may be best explained by a contamination of the reported LC preparations with other TLR3^+^ skin cells such as KCs. Alternatively, a constitutive low expression of TLRs in LCs may be below the detection by immunofluorescence or indeed reflect the situation in the skin. However, p(I:C) slightly increased MDA5 expression in isolated LCs, while it significantly decreased MDA5 expression levels in resident LCs in skin explants. MDA5 is a proapoptotic protein ([@B50]), and therefore its degradation in a proteasome- and caspase-dependent manner, as shown for p(I:C)-pretreated and poliovirus-infected cells ([@B51]), could be the simplest explanation. Our observation of caspase-3 activation in KCs rather than in LCs, however, implies distinct effects of p(I:C) on nonimmune or immune cell types, or isolated cultured cells or cultured tissue (data not shown). In line with this assumption are elegant data showing that p(I:C) indeed enhances LC survival on *in vitro* culture ([@B23]). Local suppression may be another mechanism preventing up-regulation of MDA5 in LCs on barrier disruption and p(I:C) treatment. For example, selective overexpression of microRNA-146a in LCs interfered with TLR2-mediated signaling and caused their nonresponsiveness to the respective ligand PGN ([@B52]). Alternatively, PRR triggering in skin cells may have caused the release of suppressive factors to such an extent that it interfered with LC activation. Even though it has been shown that the release of suppressive IL-10 is not elevated on intradermal p(I:C) injection ([@B19]), it may play a role in our model. Which of these strategies is involved remains to be defined. Importantly, the PRR expression profile support the observed stimulatory effects of p(I:C) on epidermal cells in skin explants, with p(I:C) likely binding and activating KCs mainly through TLR3 and PKR, and in LCs through MDA5 ([@B7]).

RIG-I--like receptors such as MDA5/RIG-I sense dsRNA and signal through the mitochondrial adaptor MAVS to trigger the production of proinflammatory cytokines and type I IFNs ([@B53], [@B54]). Here we identified MAVS as an essential component of the dsRNA-sensing pathway in human LCs and KCs. To our knowledge, we are the first to have comparatively assessed a staining of this marker in primary human epidermal cells. We uncovered that the MAVS staining, directly adjacent to and around mitochondria, varied dramatically in primary KCs and isolated LCs. In KCs it was more prominent than in LCs, with punctuate structures in both cell types. Our finding that activation with p(I:C) triggered the formation of MAVS aggregates in both cell types, which was concomitant with translocation of IRF3 and NF-κB in both cell types, suggests that the MAVS redistribution to specklelike aggregates is required for downstream signaling in LCs as well as KCs. In support of this, it has been demonstrated that infection of cell lines with Sendai virus or treatment with p(I:C) resulted in elongation and/or fusion of mitochondria and stimulation of signaling downstream from MAVS ([@B55]). This is also in accordance with earlier reports that MAVS activation requires formation of large prionlike aggregates for potent propagation of signaling downstream of MAVS, suggesting that mitochondrial elongation and fusion facilitate the aggregation of MAVS into active complexes primed for maximum signaling capacity ([@B56]).

We have demonstrated that LCs can be stimulated with an MDA5- but not a TLR3-specific ligand and therefore conclude that IRF3 signals resulting in type I IFN production are a consequence of MDA5 ligand binding in LCs. Interestingly, we found that IL-6 and IL-8 secretion was stimulated with p(I:C) but not with the specific ligands, suggesting that other, so far unknown, pathways may also be involved in LCs. This remains to be further investigated.

TLR3 has been shown to play an important role in the induction of NF-κB--regulated responses after p(I:C) stimulation in human KCs, as inhibition of TLR3 activity markedly blocked NF-κB translocation and its further activation, whereas IRF3 production was unchanged ([@B42]). Further evidence for a dominant proinflammatory response through TLR3 was provided after influenza A virus infection in human bronchial epithelial cells ([@B57]). We have shown herein that p(I:C) and the TLR3-specific ligand stimulation induced the production of the proinflammatory cytokines IL-6, IL-8, and TNF-α in primary KC cultures as well as IL-8 and TNF-α in freshly isolated KCs, which can be accordingly attributed to the expression and function of TLR3 ([@B42]). Apart from TLR3-dependent NF-κB activation after dsRNA stimulation, RIG-I and MDA5 are essential for IRF3 activation on stimulation with p(I:C) in human KCs ([@B42]). In support of this, we found that RIG-I and MDA5 are expressed and regulated after p(I:C) stimulation in human KCs and that recognition of p(I:C) promotes IFN-β but not IFN-α mRNA up-regulation, which is similar to findings in corneal epithelial cells ([@B58]). Our findings that stimulation of freshly isolated KCs with the TLR3- and MDA5-specific ligands can induce IFN production demonstrates the direct activation of the IRF3 pathway, as suggested previously ([@B59], [@B60]). PKR also plays a central role in the recognition of p(I:C) in human KCs, as inhibition with the PKR inhibitor 2-acetyl pyrroline efficiently blocked both NF-κB and the IRF3 activation ([@B42]). Our data showing up-regulation of TNF-α mRNA and protein secretion by p(I:C) are in line with a previous report demonstrating that p(I:C) activation of PKR is associated with induction of TNF-α in human lung epithelial cells ([@B61]), implying that dsRNA-induced TNF-α gene expression is mediated *via* a PKR-dependent pathway in KCs as well. Our finding that basal KCs strongly express TLR3 and PKR, and modestly express RIG-I and MDA5 protein, suggests that the primary reactions triggered by p(I:C) *in vivo* are most probably mediated by TLR3 and PKR, while RIG-I and/or MDA5 might contribute to the amplification of dsRNA-signaling KCs.

In summary, our experiments elucidating the mechanisms by which p(I:C) activates LCs in skin explants and in single cells demonstrate a crucial role for MDA5 in stimulating LC effector functions. MDA5 ligands may thus represent attractive candidate adjuvants for epicutaneous delivery of vaccines with the goal of targeting LCs and should be further explored.
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DC

:   dendritic cell

dsRNA

:   double-stranded RNA

IRF

:   IFN-regulatory factors

KC

:   keratinocyte

LC

:   Langerhans cell

LGP2

:   laboratory of genetics and physiology 2

MAVS

:   mitochondrial antiviral-signaling protein

MDA5

:   melanoma differentiation--associated protein 5

MIP

:   macrophage inflammatory protein

p(I:C)

:   polyinosinic--polycytidylic acid

PKR

:   protein kinase R

PRR

:   pattern recognition receptor

RIG-I

:   retinoic acid--inducible gene I

T~h~

:   T helper

TRIF

:   toll/IL-1R domain--containing adapter inducing IFN-β
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